ond cleavage within the prodomain then precludes further inhibitory interactions, resulting in full activation (32) . A similar mechanism of activation has been demonstrated for PC1/PC3 (9), PC4 (13), PC5 (34) , and PC7 (35, 36) . Pro-PACE4 autocleavage is slow but probably also occurs prior to exit from the ER (37) .
The Neuroendocrine Protein 7B2 Is Essential for the Activation of Pro-PC2-PC2 is unique in that it requires the acidic conditions of a late post-Golgi compartment for its autoactivation (38) . In the ER pro-PC2 interacts with 7B2, a 27-kDa neuroendocrine secretory protein that is coexpressed with PC2 in many neuroendocrine tissues (39, 40) . In the absence of 7B2, autocleavage of the PC2 prodomain will occur but gives rise only to inactive enzyme (41) . Biosynthetic studies show that 7B2 binds to pro-PC2 after it has folded and then facilitates its intracellular transport and activation (42) . During its transport 7B2 undergoes cleavage at a polybasic site toward the C terminus, most likely by furin or related TGN proteases (43) , resulting in the release of an N-terminal 21-kDa form and an inhibitory C-terminal fragment (44, 45) . A KK2 site in this fragment is required for its specific inhibitory action on PC2 (42, 44) but also is slowly cleaved by PC2 (46) . Whether the Cterminal peptide normally retards PC2 activity is unclear (47) .
The 21-kDa N-terminal domain of 7B2 is capable of both generating and stabilizing active PC2 (48) . It contains a polyproline helix-like segment that interacts with pro-PC2 via structural determinants that appear to reside mainly within the catalytic domain (49); site-directed mutagenesis studies indicate that mutation of Tyr 194 of pro-PC2 to Asp (as in PC1/PC3) blocks its binding to 7B2 and subsequent activation (50) . Interestingly, mutation of the unusual oxyanion residue, Asp-309, to Asn in pro-PC2 also inhibits binding to pro-7B2 (51) .
Both PC2 and 7B2 are highly conserved in evolution; homologues of 7B2 have recently been described in the molluscan Lymnaea stagnalis (52) and in Caenorhabditis elegans (53) . Recently, mice with a disruption of the 7B2 gene have been produced and, as expected, they lack active PC2 but have other defects (54) . The nature of the 7B2-induced structural alterations that facilitate pro-PC2 autoactivation are of great interest as a topic for further study. All seven members have well conserved signal peptides, proregions (Pro), catalytic domains (CAT), and P domains (P) but differ in their C-terminal domains (VAR), as indicated. Autocatalytic cleavage and release of the prodomain result in activation (see "Autoactivation Mechanism" for details). Modeling studies predict that the P domain folds to form an eight-stranded beta barrel that interacts with the catalytic domain through a hydrophobic patch (24) . A note on alternative terminology: furin, SPC1/PACE; PC2, SPC2; PC1/PC3, SPC3; PACE4, SPC4; PC4, SPC5; PC6, SPC6; PC7, SPC7/PC8/LPC (see Refs. 9, 59, 60, and 61).
Two Major Functional Branches
The mammalian SPCs function in either the regulated or constitutive branches of the secretory pathway. The convertases PC2 and PC1/PC3 (Fig. 1) are the major forms expressed in the neuroendocrine system and brain, where they act on prohormone and neuropeptide precursors within dense core vesicles of the regulated secretory pathway (9, 13) . PC4, which is expressed only in the testis (55) , and an isoform of PC6 that lacks a TM domain, PC6A, also belong to this group (34) . The differential expression of PC2 and PC1/PC3 in various endocrine cells and neurons gives rise to varied mixtures of peptide products with divergent or opposing activities, sometimes derived from the same precursor (Fig. 2 ). Both the transcription and translation of PC2 and PC1/PC3 mRNA are regulated in neuroendocrine cells by glucose, second messengers, and other factors (9, 56 -58) , usually in parallel with regulatory changes in prohormone expression.
The other major convertase family branch includes furin, PACE4, PC6B, and the more recently discovered PC7 (59 -61) (Fig.  1 ). These convertases are expressed in many tissues, including the neuroendocrine system, liver, gut, and brain, where their active forms are localized in the TGN and small secretory vesicles of the constitutive pathway (11, 13, 62, 63) . Because of alternative splicing, some of these exist in multiple forms, e.g. PACE4 (64) and PC5/PC6 (34) . All of these convertases more closely resemble the yeast homologue, kexin, which also is localized in the TGN by a TM/cytosolic tail and functions analogously (65) . The convertase genes share intron/exon structure (9, 13), implying their origin in early metazoans from an ancestral kexin/subtilisin-like protease gene via duplication and divergence into TGN-localized and nonanchored secretory granule-localized forms (9, 13, 17) .
Furin, PC6B, and PC7 are retained in the TGN by virtue of their TM domains and cytosolic tails (Fig. 1 ). This strategic location provides access to the many precursors that move to the cell surface via constitutive vesicles (11) . In addition to many serum proteins produced in the liver (16), they participate in processing precursors of a wide variety of tissue growth factors, such as TGF-␤ (2), BMP-4 (1), and the insulin-like growth factors, IGF-I and -II (66) , as well as a number of growth factor receptors such as the insulin, IGF-I, and hepatocyte growth factor receptor proteins (67, 68) . Furin and PC7 also play a major role in the processing of the envelope glycoproteins of many viruses (69, 70) , including the human immunodeficiency virus (71) (72) (73) and Ebola virus (74) .
The TGN localization of kexin involves interactions of its cytosolic tail with clathrin (75) . In yeast mutants lacking the clathrin heavy chain, kexin moves to the cell surface where it is ineffective in processing substrates. On the other hand, mutations in its cytosolic tail at Tyr 713 , which is part of a TGN localization signal (TLS-1) normally result in its missorting to the vacuole (76) . A novel 3144-residue protein (SOI1) has been identified as a suppressor of TLS-1 mutants (65) . It is proposed to promote cycling of kexin between TGN and prevacuolar compartments.
The cytosolic tail of furin contains motifs that direct its intracellular trafficking (11) . These include tyrosine-based endocytotic signal sequences (77), a dileucine-like sequence, as well as an acidic casein kinase II site (78, 79) . Similar motifs have been found in the cytosolic tail of PC6B (34) . Dephosphorylation of the casein kinase II site by protein phosphatase 2 isoforms containing ␤ regulatory subunits promotes the return of furin to the TGN from the plasma membrane via endocytotic recycling pathways (80), whereas phosphorylation causes it to exit the TGN (78) . Binding of PACS-1 (81) to the phosphorylated cytosolic domain promotes cycling between early endosomes and the cell surface. An actin filament crosslinking protein, ABP-280, interacts directly with the cytosolic domain and tethers furin to the cell surface (82) . Although PC7 is also localized in the TGN, its cytosolic tail differs significantly from those of furin and PC6B in that it undergoes palmitoylation (35) . It also lacks the retrieval motif YXXL and is not phosphorylated but contains two dileucine motifs that might be involved in its retrieval from the plasma membrane.
The cytosolic tail of furin associates with clathrin in a phosphorylation-dependent manner via the AP-1 adapter complex (83) . A role for the clathrin coating on immature regulated secretory vesicles in neuroendocrine cells appears to be the retrieval of proteins such as furin and mannose-6-P receptors from these vesicles via a constitutive-like pathway (83) (84) (85) . The presence of this pathway is evidenced by an early burst of secretion of pulse-labeled procathepsin B and proinsulin from beta cells (86) . Both procathepsin-B and furin appear to be very efficiently recovered from early secretory granules, whereas only a low proportion of proinsulin and C-peptide exits immature secretory granules via this pathway (86) . Some shedding of furin from cells also can occur (87) .
PACE4 differs from the above constitutive pathway convertases in having a relatively large cysteine-rich domain but lacking a transmembrane anchor (Fig. 1) . Its cleavage specificity, altered sensitivity to inhibitors, and relative insensitivity to calcium chelators suggest that it plays a unique, but as yet unknown, role in processing in the constitutive pathway (37) .
Effects of Mutations and/or Disruptions in Convertase
Genes A Furin Null Mutation Results in Embryonic Lethality-Null embryos appear normal until day 8.5 but then fail to undergo axial rotation. Consequent disruption of the development of many systems, but especially of the heart and vascular systems, results in embryonic death between days 10.5 and 11.5 (4).
PC4 Null Mice Have Impaired Fertility-PC4 transcripts have been found only in the male gonad in spermatocytes and round spermatids (55) . Disruption of the gene encoding PC4 leads to severe impairment of fertility in homozygous males (88) . The fertility of the PC4 null spermatozoa is reduced, and fertilized ova fail to develop. The results suggest that PC4 is required for the production of fertile and developmentally competent spermatozoa.
Multiple Effects of a PC2 Null Mutation-Mice lacking active PC2 because of deletion of exon 3 survive and reproduce but with reduced litter size and a slightly subnormal growth rate (89) . Homozygous null mice exhibit a complex polyendocrine phenotype, whereas heterozygotes are normal. Pancreatic proinsulin stores are elevated to 35-40% of total insulin-like material (normal levels are below 5%), and these are the source of elevated circulating proinsulin. In biosynthetic labeling experiments half-times for the conversion of both mouse proinsulins I and II are prolonged approximately 3-fold (25) . Larger than normal amounts of des-31,32-proinsulin, an intermediate cleaved at the B chain-C-peptide junction (the preferential site of action of PC1/PC3), are also generated (see Fig. 2 ). GLP-2 (9, 89 -91) . Similarly, in the pituitary gland in the pituitary anterior lobe corticotrophs, PC1/PC3 is the predominant convertase, and its action results in the release of intact ACTH and small amounts of ␤-endorphin. In the pituitary middle lobe, both PC2 and PC3 are expressed, resulting in the further processing of ACTH to ␣-MSH with increased production of ␤-endorphin. Thus, PC2 and PC1/ PC3 have an absolute specificity for some sites in precursor proteins, although at others both enzymes may act, as indicated above. A recent report indicates that PC6A may also be involved in the processing of some precursors, e.g. proneurotensin (110) . tGLP1, N-terminally truncated GLP-1.
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Despite the defective processing of proinsulin the PC2 nulls have no tendency to develop diabetes. Instead, their blood glucose level is lower than normal, and the rise in response to glucose is reduced (89). Rouillé et al. (90, 91) have demonstrated that PC2 acts alone to generate the characteristic alpha cell pattern of processing of the multifunctional proglucagon molecule, resulting in the selective release of only glucagon (see Fig. 2 ). Accordingly, mature glucagon is not detectable in the plasma, although large amounts of proglucagon and some partially processed larger forms are present in the alpha cells and the circulation (89) . The chronic hypoglycemia confirms the major role of glucagon in physiology as a tonic antagonist of insulin.
Prosomatostatin also is not processed normally to somatostatin 14 in the islet delta cells (89) or in the brain. 2 Because PC2 is the predominant convertase in all the non-beta islet cells (92) , it is likely that the biosynthesis of all of the other islet hormones is adversely affected. Lack of PC2 in the beta cells may also impair IAPP/amylin production (93) . The metabolic consequences of these defects are not known.
The PC2 null islets are enlarged and show marked hypertrophy and hyperplasia of the alpha, delta, and gamma cells in the periphery of the islets, whereas the central beta cell mass appears to be diminished significantly (89) . Hyperplasia in the alpha and delta cell populations presumably represents an attempt to compensate for the lack of their normal processed hormonal products. Preliminary results indicate that long term administration of glucagon to PC2 null mice results in normalization of blood sugar levels and reversal of alpha cell hyperplasia. 3 These results demonstrate that the lack of glucagon in the PC2 null animals accounts for at least two of the major phenotypes and dramatically illustrates the existence of dynamic feedback mechanisms that regulate the growth and relative size of these islet cellular compartments.
The PC2-deficient mice also have multiple defects in neuropeptide production. Recent studies have shown marked reductions in neuropeptide-EI (94) and opioid peptides (95, 96) 4 as well as in ␣-MSH, which is generated in the intermediate lobe of the pituitary by the conjoint action of PC2 and PC1/PC3 on POMC (see Fig. 2 ).
5
7B2 Null Mice Lack Active PC2 and Develop Cushing's DiseaseThese animals have a pattern of prohormone processing defects like that of the PC2 null mice. However, they develop a fulminant form of Cushing's disease because of excessive secretion of ACTH from the pituitary intermediate lobe. ACTH accumulates in this lobe because of the lack of PC2 to convert it to ␣-MSH (see Fig. 2 ), and 7B2 may play a role in regulating its secretion (54) .
PC1/PC3 Deficiency in Man-Although a mouse model of PC1/ PC3 deficiency is not yet available, an adult subject with severe obesity and hyperproinsulinemia (97) has been found to be a compound heterozygote for inactivating PC1/PC3 gene mutations (98) . Multiple endocrine deficits include elevated proinsulin and ACTH precursors (POMC and intermediates) in the plasma (97); PC1/PC3 is the major convertase that cleaves ACTH from POMC in the anterior pituitary corticotrophs (16) (see Fig. 2 ). Increased amounts of des-64,65-proinsulin intermediates accompany elevated intact proinsulin, as would be expected from a lack of PC1/PC3-mediated cleavage at the B chain-C-peptide junction to generate des-31,32-proinsulin (Fig. 2) , an intermediate that is more readily cleaved by PC2 than is intact proinsulin (99) . The absence of detectable insulin in the blood suggests that PC1/PC3 plays a major role in proinsulin processing.
The early and marked obesity probably is the result of defective processing of neuropeptides involved in hypothalamic regulation of food intake (100). Hypogonadotropic hypogonadism in this subject (97) suggests that PC1/PC3 may also be involved in processing gonadotropin-releasing hormone.
CPE Deficiency Syndrome-CPE fat mice are obese, hyperglycemic, and hyper(pro)-insulinemic because of an inactivating point mutation in the CPE gene (Ser-202 3 Pro) (101, 102) . Other processing carboxypeptidases such as CPD (27) and CPZ (29) partially offset this defect in brain and some tissues. Pancreatic extracts contain 40 -50% proinsulin and arginine-extended forms of insulin. The rapid buildup of such C-terminally extended intermediates may inhibit the SPC endoproteases in various neuroendocrine tissues (96, 103, 104) .
A recent proposal that CPE is a sorting receptor for the regulated secretory pathway (105, 106) is not supported by studies directly measuring the efficiency of proinsulin sorting in islets of CPE fat mice (107) . Moreover, large amounts of proinsulin and POMC are found in abundant secretory granules in islet and pituitary cells, respectively, of the CPE fat mice, consistent with normal sorting.
Perspective Although a large body of data strongly supports the notion that the SPC family of enzymes plays a central role in the processing of most precursor proteins in the secretory pathway, other as yet unidentified enzymes may participate in some cleavages at single basic residues and other unusual cleavage sites. For example, a recently discovered ER-localized protease with a subtilisin-like catalytic domain is distantly related to the SPCs and cleaves at sites having the sequence RSVL 2 (5, 111). This enzyme cleaves the precursor of the sterol regulatory element-binding protein and may well represent the first member of a novel subfamily of ER-active processing enzymes (5), i.e. similar cleavage sites have been noted in prorelaxin and several other precursor proteins (see Ref. 13 ). Efforts to identify other types of processing proteases, such as thiol, aspartic, or metalloproteases (reviewed in Refs. 108 and 109) , have yet to lead to definitive genetic evidence to support their participation in neuroendocrine precursor processing. Much remains to be done to elucidate the structural features of the SPCs that lead to their great selectivity, sorting behavior, pH sensitivity, and calcium activation and to define more fully their normal substrates and the regulation of their tissue-specific expression.
